Imidazol-2-ylidenes are important N-heterocyclic carbenes which have become universal ligands in organometallic and coordination chemistry. Generally classified as σ-donor ligands, these compounds have been used to stabilize various metal complexes which hitherto were less stable in their catalytic processes. Herein, the number and distribution of group IA, group IIA, and group IIIA metal-imidazol-2-ylidene complexes retrieved from the Cambridge Structural Database (CSD) are assessed. e data showed that the mean M-C carbene bond length increases with increasing ionic size but is similar across each diagonal. Dominant factors such as Lewis acidity and electrostatic attractions were found to control the bonding modes of the respective ions. Generally, the metal ions show preference for tetrahedral coordination with larger cations forming complexes with higher coordination numbers. For their high number of entries (101), tetrahedrally coordinated boron complexes with various electron withdrawing and electron donating groups were studied computationally at the DFT/B3LYP level of theory. e strength of the B-C carbene bond was found to depend on steric interactions between bulky groups on the borenium atom and substituents on the N-positions of the imidazol-2-ylidene ligand. is observation was further confirmed by estimation of the binding energy, natural charge, and the electron distribution in the B-C carbene bond.
Introduction
N-heterocyclic carbenes (NHCs) are important ligands used in the synthesis and study of catalytic systems [1] [2] [3] . Since the synthesis of the imidazol-2-ylidene (Im) template, 1a by Ӧfele and Wanzlick [4] [5] [6] in 1968, a plethora of metal complexes bearing Im ligands have been synthesized and proven as better alternatives to the ubiquitous phosphine metal complexes [7] . ese Im complexes are more stable in processes such as cyclometalation that lead to the degradation of metal phosphine catalysts [8] .
ey are also employed as key catalysts in the C-C coupling of aromatic aldehydes and related hydroformylation reactions [5, 9, 10] . As reported by Teyssot et al. [11] , in vivo studies of NHC complexes of group IB metals investigated for their anticancer properties showed cytotoxicities higher than the reference compound (cisplatin). is relatively better activity can be attributed to the stability of the drug in biological medium before reaching its target site to perform its pharmacological function [12] .
Studies on the electronic structure of metal-NHC complexes have shown that NHCs are predominantly σ-donor ligands with insignificant π-acceptor properties [7] . According to Jacobsen et al. [7] , the carbene carbon is sp 2hybridized with an empty p-orbital orthogonal to the sp 2 plane, which gives rise to a singlet 1 A 1 (σ 2 ) ground state as shown in structure 2a. e two carbene electrons are then available for sigma bonding with a metal atom or ion. e imidazole ring is largely stabilized by donation of pπelectrons from the N-atoms into the empty orthogonal porbitals on the carbene carbon [5] and not by acceptance of π-electrons from coordinating metal species. e high stability of NHC complexes of main-group and innertransition elements shows their σ-donor character [13] since these metals have insignificant backbonding characteristics. A computational and structural database study by Baba et al. [14] has also shown that the carbene carbon can undergo sp-hybridization, 3a, with substantial scharacter to cause metal-carbon bond shortening in NHCmetal complexes. e metal-carbene bond in main-group metal carbenes is essentially ionic with M-C carbene contacts usually greater than the sum of the van der Waals radii [15] . For a series of group 1 carbenes, the M-C bond strength was found to decrease with increasing atomic number as a result of the reduced Lewis acidity of the M + ion [16] . e strong acidity of beryllium is an important factor in the stability of Be-NHC complexes. According to Hermann [5] , carbene ligands can split the polymeric structure of beryllium dichloride to form tris-carbenic ionic complexes. NBO analysis of the Be-C carbene bond supports a purely σ-donor interaction since there is no possibility of backbonding in the case of beryllium. e M-L distance is a very important factor in the study of the structure of biomolecules such as proteins (of which the imidazol-2-ylidene is a side chain of the amino acid histidine) [17] . Studies have shown that if Zn 2+ is replaced with Cd 2+ in Zn-finger motifs, the requisite conformation is distorted because Cd-bound proteins, though having the same geometry as Zn 2+ , cannot maintain the native conformation because of the increased Cd-N distances relative to the Zn-N distances [18] . e toxicities of Hg 2+ and Pb 2+ can also be attributed to the fact that they adopt totally different geometries when bound to proteins. erefore, understanding the M-L distances and the coordination mode is important for the characterization of different metal ions in different environments [19] .
Because of the importance of imidazol-2-ylidenes in stabilizing metal complexes, this work investigates the M-Im distances and coordination geometries of GP IA, IIA, and IIIA complexes bearing at least one imidazol-2-ylidene ligand in the Cambridge Structural Database (CSD). e variation of the bond length down a group, across a given period as well as along a given diagonal, is also assessed. e effect of substituents (electron withdrawing and electron donating) on the B-C carbene bond in tetrahedrally coordinated boranes is also investigated computationally by density functional theory (DFT) methods.
Methods

CSD Analyses.
e Cambridge Structural Database (CSD) program version 5.40 (November 2018) + 1 update and ConQuest [20] version 2.1.0 were used for the substructure searches of the main-group metal-imidazol-2-ylidene complexes. e geometry around each metal ion was defined by restricting the number of bonded atoms in each search.
e search was further refined by imposing the following secondary search criteria: 3D coordinated determined; crystallographic R factor ≤0.075; no disorder in the crystal structure; no errors; no polymeric structures; and no powder structures and only organometallic structures (according to standard CSD definitions). e number of hits and the respective coordination numbers are shown in Table 1 . e reference codes of geometries with only one hit are also given in parenthesis. e CSD program Mercury [21] (version 4.1.0) was used for the structure visualization while the associated Data Analysis Module was used for the statistical analyses of the retrieved data.
Computational Details.
All calculations were performed with the Gaussian 09 package [22] . e input and output files were visualized using the GaussView 5.0.8 [23] molecular viewer. e gas phase structures of the boron complexes were fully optimized at the density functional theory (DFT) using Becke's three parameter hybrid method and the Lee-Yang-Parr correlation functional (B3LYP) [24] with the 6-311++G * * basis set to include polarization and diffuse functions on all atoms. ese were done without symmetry constraints. Vibrational frequency analysis of the optimized structures was performed to ensure that the potential energy of the structures was at a minimum and the molecules were in their ground states [25] . ese are made up of organic and metal organic structures which have been synthesized or extracted and crystallized under various conditions. e stability of these solid-phase structures has been used to discuss and predict the geometry and coordination modes of several metal ions in various ligand environments [17, 18, 26] . e distribution of the metal-ligand bond in various environments has also been studied using data from the CSD [17] . An understanding of the M-L distances and the coordination geometries of metal ions will help to elucidate the mechanism of reaction as well as the geometric function of the respective metal ion in different ligand environments. A total of 431 crystal structures comprising 73 group IA, 45 group IIA, and 313 group IIIA metal-imidazol-2-ylidenes were retrieved from the database. Table 1 shows the distribution of the M-Im bond distances and the Im-M-X bond angles (where X is any other ligand or anion other than Im) as well as the coordination number and the number of hits of imidazol-2-ylidene coordinated group IA compounds retrieved from the CSD. e reference codes of geometries with only one entry in the database are given in parenthesis.
Results and Discussion
Lithium NHC complexes have largely been synthesized for their ability to act as transmetalation agents [13] . Li-Im Journal of Chemistry compounds with coordination numbers of 2 to 6 were observed with CN � 4 being the most dominant (20 hits) and CN � 6 being the least (with only one entry as at the time of preparing this manuscript). e mean Li-Im distance ranged from 2.111 to 2.191Å, a difference of 0.08Å with standard deviations ranging from 0.008 to 0.073. According to Hering et al. [27] , increasing bulkiness of substituents on the Npositions of the Im ligand enforces minor elongations of the M-Im bond. Considering the large spectrum of Nsubstituted Im ligands used in the syntheses of these compounds, the observed standard deviations show that the high charge-to-size-ratio of the small Li + cation is the dominant factor in determining the strength of the Li-Im bond distance and not steric interactions by substituents on the Im ligand. Assessment of the mean Im-M-X angles shows that four-coordinate Li-Im compounds usually adopt tetrahedral geometries with mean bond angles of 111.8°( 109.5°for an ideal tetrahedral configuration). e slight deviation could be attributed to steric interactions in the surrounding ligands. Jacobsen et al. [7] used the term "percent buried volume (%V Bur )" to represent the fraction of the volume of a sphere centered on the metal, buried by overlap with atoms of the various NHC ligands. e bulkier the substituents on the NHC, the larger the %V Bur . is molecular descriptor is analogous to Tolman's cone angle used to describe steric interactions in tertiary phosphines [28] . e wide spread (standard deviations of 12.45 to 19.31) of the reported bond angles could be attributed to the differences in the types of substituent on the imidazol-2ylidene ring as well as the different types of auxiliary ligand with different %V Bur present in the complexes.
As shown in Figure 1 , the overall distribution of the Li-Im bond ranges from 2.075Å for three-coordinate compound to a maximum of 2.338Å for four-coordinate compounds with 2.16Å and 0.067 being the respective mean and standard deviation.
Sodium imidazol-2-ylidenes were the least of the group IA M-Im compounds, with 14 entries in the CSD. e dominant geometry (7 hits) is tetrahedral with average bond angles of 119.2°. Relative to Li-Im entries, the average bond length of the Na-Im is longer, with values ranging from 2.44Å for two-coordinate complexes to 2.505Å for fourcoordinate species. is bond weakening effect can be attributed to the lower Lewis acidity of Na + relative to Li + [15] . Generally, the M-Im bond distances increased down the group with potassium imidazol-2-ylidenes recording average bond lengths in the range of 2.888Å to 3.067Å. Six entries were recorded for two-coordinate K-Im compounds with near-linear bond angles (mean of 178°). Despite the fact that K + is a weaker Lewis acid, the contact between K + and the carbene carbon has been described to be primarily electrostatic with negligible backbonding interactions [29] . Higher coordination numbers of six and seven were also recorded for K + probably due to its larger surface area.
As shown in Table 2 , there are fewer entries of group IIA metal-imidazol-2-ylidenes in the CSD with Mg-Im Journal of Chemistry complexes being numerous (19 entries) . ese complexes are widely used as mild reducing agents [30] . Beryllium chemistry is relatively isolated because of the high toxicity of beryllium compounds [31] . Nonetheless, twelve crystal structures of beryllium imidazol-2-ylidenes were retrieved from the CSD. e observed Be-Im contacts are above the sum of the corresponding covalent radii [15] . e general preference for four-coordinate geometry of the group IA complexes is however different for the group IIA analogues. Coordination number of three is the dominant geometry for Be, whereas Mg and Ca recorded coordination numbers of four and six, respectively. e increase in average bond length down group IIA corresponds to an overall increase in ionic size down the same group. e three-coordinate Be complexes have trigonal planar geometries with mean bond angles of 119.8°. e four-coordinate Mg-Im complexes are however tetrahedral (109.9°).
e average bond angle of 96.6°recorded for the six-coordinate predominantly octahedral Ca-Im complexes is as a result of the fact that Im and any of the ancillary ligands are both axial and/ or equatorial to each other. In such instances, the bond angles are nearly 90°or in few cases, the Im is trans to the ancillary ligand and the bond angles become nearly 180°. Generally, the average M-Im bond distances of the group IIA metal-imidazol-2-ylidenes are relatively shorter than their group IA analogues confirming the fact that the bonding mode between maingroup metals and NHCs can be explained by the Lewis acidbase theory [13] as well as the electrostatic model [15] . is shows that group IIA metals are more electrostatic than the corresponding group IA analogues. e similarities between the mean M-Im bond distances of the Li-Im/Mg-Im and the Na-Im/Ca-Im pair can be attributed to diagonal relationships existing between these species. ese relationships have been well documented and used to explain, for example, why Li + competes with Mg 2+ for metal-binding sites and subsequent inhibition of key enzymes in specific neurotransmission pathways [32] .
From Table 3 , it is clear that the Lewis acidity and the electrostatic potential are the dominant factors controlling the strength of the M-Im bonds. e strong Lewis acidity of the group IIIA element compounds can be attributed to the vacancy in their p-orbitals resulting from the incomplete octet. ese vacancies are usually filled by dative covalent bonding with σ-donating ligands such as amines, phosphines, and carbenes [13] .
e σ-donor ability of imidazol-2-ylidenes plays a pivotal role in the stabilization of these complexes. As shown in Table 3 , the number of entries of the tetrahedrally coordinated complexes is in the order B-Im > Al-Im > Ga-Im. Boron, like lithium, also shows preference for Im complexes with coordination numbers ranging from 2 to 6 with tetrahedral geometries being the most dominant (101 entries). e number of group 3 tetrahedral M-Im complexes is about 50.6% of the total number of entries. Interests in these highly stabilized imidazol-2-ylidenes are growing because of their various applications as reagents and catalysts in organic synthesis [33] . Generally, the bond lengths decrease in the order Li-Im > Be-Im > B-Im, Na-Im > Mg-Im > Al-Im, and K-Im > Ca-Im > Ga-Im for the respective groups. Figure 2 shows the distribution of B-Im distances in the respective tetrahedral complexes retrieved from the CSD. e bond lengths range from 1.515Å to 1.71Å with a standard deviation of 0.037. ese B-Im bonds are the strongest (with mean bond lengths of 1.619Å) of the M-Im bonds used for this study.
NHC-boranes have been identified as a new class of compounds which are readily accessible and stable such that they are treated as organic compounds rather than coordination complexes [33] . ese tetravalent neutral complexes have a rich chemistry of their own and are poised to have an impact beyond main-group boron chemistry in both organic and radical polymerization chemistry [33] . e second part of this work therefore investigates the B-C carbene bond computationally using density functional theory (DFT) methods.
Different analogues of the parent (iPr 2 Im) BH 3 were optimized to investigate the effect of electron donating and electron withdrawing groups on the strength of the C1-B28 bond. As shown in Figure 3 , seven analogues were chosen for this study. e difference in the C1-B28 bond length between the gas phase optimized structure and that of the experimental structure (ALAZUJ in Table 4 ) was found to be 0.009Å. e slight difference in the other bond parameters could be attributed to inter-and intramolecular interactions present in the solid-phase crystal structures which are absent in the gas phase optimized structures [34] .
Generally, the presence of electron donating (OH) and electron withdrawing (F) substituents at the 2 and 3 positions of the imidazol-2-ylidene ring has negligible effects on the C1-B28 bond length as given by complexes 6 and 7. Significant bond weakening was however observed in complexes 2, 3, 4, and 5 when the substituents are on boron. e longest bond distance of 1.737Å was recorded in 3 with NH 2 groups on boron. According to Vitaly et al. [13] , there is a delicate balance between the steric and electronic effects in the borenium cation such that the NH 2 groups on boron can sterically interact with the isopropyl substituents on the N-positions of the imidazol-2-ylidene ligand to increase the length of the C1-B28 bond. Similar weakening of the boron-carbene bond was reported by Braunschweig et al. [35] who synthesized and characterized a series of carbene-stabilized boranes bearing sterically bulky diphenyldiselenides with isopropyl substituents on the N-atoms of the imidazol-2ylidene ligand. is steric interaction has the tendency of increasing C16-N27-C1 [27] . As shown in Table 4 , the C16-N27-C1 bond angle increased by 4.6°on going from 1 to 3. Similarly, this bond angle is relatively unaffected when the substituents are on the 2 and 3 positions of the imidazol-2-ylidene ring as given in 6 and 7.
e C1-B28 bond in the tetrahedral boranes was further studied by natural bond orbital (NBO) analysis at the DFT/ B3LYP level of theory. NBO analysis provides the most accurate possible picture for describing chemical bonding that corresponds to the elementary Lewis dot diagram. It takes into consideration electronegativity of the participating atoms as well as their hybridizations. is gives an in-depth understanding of the mode of bonding interaction between two or more atoms in a chemical structure. Table 5 gives the electron distributions in the C1-B28 bond of the optimized structures. In all the structures, the boron center is sp 3 hybridized with percent s-character ranging from 20.43 in 3 to 26.93 in 5. However, the carbene carbon is predominantly sp hybridized with percent s-character ranging from 42.48 in 5 to 48.94 in 7. is sp-hybridization suggests a partial double bond character [14] spanning the N-C-N substructure as shown in Figure 4 . Journal of Chemistry e percent contribution of C1 and B28 to the shared pair of electrons shows that the C1-B28 bond is largely ionic/ dative covalent with the carbene carbon contributing between 64.78% and 72.44% to the shared pair of electrons, thereby decreasing the electron density on C1. As shown in Table 6 , the general atomic charge density on C1 in the isolated imidazole fragment is +0.094 e.
is increased significantly to values between +0.249 e in complex 5 and + 0.411 e in complex 7. Similarly, the electron density on B28 increased from slight positive charges to values as high as − 0.462 e in 6 and − 0.463 e in 7.
e electron pull from C1 to B28 was also felt in N27. is conjugative effect is shown as a slight decrease in electron density on N27 in the complex as compared to its values in the isolated fragments. e natural charge on B28 also varied with the type of substituent. e highly electronegative atoms (such as fluorine) directly attached to the less electronegative boron center made it more positive with a charge density of +1.152 e in 5 as compared to the parent borane 1 where it is − 0.441 e. us, the electrophilicity of the borenium atom can be fine-tuned by varying the type of substituents to give fragments for different applications [13] . e binding energy of the optimized complexes was also estimated at the DFT/B3LYP level of theory with polarization and diffuse functions added to minimize the basis set superposition error (BSSE). As each fragment uses the basis set of the others in the complex, smaller basis sets will result in decreased energy and an overestimation of the binding energy [36] . Generally, the interaction between the imidazol-2-ylidenes and the substituted boranes is made up of two factors: dative covalent bonding with σ-electron donation from the carbene carbon into sp 3 hybridized boron orbitals as well as intramolecular interactions between substituents on the borenium atom and the isopropyl groups on the N-atoms of the imidazol-2-ylidene ligand. e BSSE of all the complexes was corrected by the method of counterpoise correction introduced by Boys and Bernardi [37] . A similar method was used by Kirmse [38] to study the binding energies in carbene complexes of nonmetals. e counterpoise corrected binding energy (ΔE CP BE ) is the difference between the corrected total energy of the optimized complex (E CP Complex ) and that of the constituent fragments (E 1 and E 2 ).
From equation (1), the more negative the calculated binding energy, the more stable the complex. As shown in Table 6 , ΔE CP BE is strongest in 4 with a value of − 227.2 kJ/mol followed by the parent borane 1 with − 201.3 kJ/mol. Complex 3, with NH 2 substituents on the borenium ion was the least stable with a binding energy of +100.6 kJ/mol. Generally, substituents on the 2 and 3 positions of the imidazol-2-ylidene ligand have negligible effects on the C1-B28 bond as confirmed by the binding energies of 6 and 7 relative to the parent compound 1.
e relatively weak binding energies of 2 and 3 could be attributed to intramolecular steric interactions [7] between the OH groups on the borenium atom in 2 and the corresponding isopropyl substituents on the Im ligand as well as between the NH 2 groups and the iPr groups in 3.
With regards to observations made in Tables 5 and 6 on the distribution of electrons and the accompanying charges on C1 and B28, the electrostatic potential surface of the complexes was plotted as shown in Figure 4 . e color scheme indicates that the boron atom becomes more electropositive when electronegative groups such as OH, NH 2 , CN, and F are attached, as shown in complexes 2, 3, 4, and 5. e electron distribution in the C1-B28 bond is largely unaffected when these electron withdrawing groups 
Conclusion
is work used the relatively large number of group IA, group IIA, and group IIIA imidazol-2-ylidene complexes in the Cambridge Structural Database (CSD) to investigate their M-C carbene bond distances as well as the preferred geometries and coordination numbers. Generally, group IIIA metal-imidazol-2-ylidenes were the most abundant with 313 entries followed by group IA with 73 and group IIA with 45 entries. e average M-C carbene bond lengths were found to increase down each group and be similar along each diagonal. Potassium complexes presented the most diverse forms of coordination numbers ranging from CN � 2 to CN � 8. It was also observed that most of the metals except calcium formed complexes in which the metal ion is tetrahedrally coordinated. Dominant factors such as Lewis acidity and electrostatic attractions were found to control the bonding modes of the respective ions. In all, tetrahedrally coordinated boron imidazol-2-ylidene complexes were the most numerous (101 entries). Natural bond orbital (NBO) analysis of these complexes bearing N-substituted isopropyl groups with various electron withdrawing and electron donating groups showed that the strength of the B-C carbene bond depends on the bulkiness of the substituents on the borenium atom which sterically interfere with the isopropyl groups on the N-atoms of the imidazol-2-ylidene ligand.
is observation was further confirmed by estimation of the binding energy, natural charge, and the electron distribution in the B-C carbene bond.
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